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Star Formation in the XMMU J2235. 3-2557 Galaxy 
Cluster at z = 1.39 
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ABSTRACT 

We present the first results of a narrow-band photometric study of the massive galaxy 
cluster XMMU J2235. 3-2557 at z = 1 .39. We obtained deep H narrow-band imaging 
with NIRI on Gemini North, corresponding to Ha emission at the cluster's redshift. 
Our sample consists of 82 galaxies within a radius of ^500 kpc, ten of which are 
spectroscopically confirmed cluster members. Sixteen galaxies are identified as excess 
line-emitters. Among just the excess line-emitting galaxies we find an average SFR 
of 3.6 ± 1.3 M Q yr~ 1 . For spectroscopically confirmed cluster members we find a 
correlation between H broad-band magnitude and SFR such that brighter galaxies 
have lower SFRs. The probability that SFR and magnitude of confirmed members are 
uncorrelated is 0.7%. We also find a correlation between SFR and distance from the 
cluster centre for both confirmed and excess line-emitting candidate members, with a 
probability of 5% for there to be no correlation among confirmed members. All excess 
line-emitting candidate cluster members are located outside a radius of 200 kpc. We 
conclude that star formation is effectively shut off within the central 200 kpc radius 
{Rquench ~ 200 kpc) of this massive galaxy cluster at z = 1.39, when the universe 
was only 4.5 Gyr old. 
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1 INTRODUCTION 

Galaxy evolution and formation are dependent on stellar 
mass and environment. The build up of stellar mass in 
the early universe occurred rapidly, resulting in massive 
galaxies with old stellar populations detected by z = 2. 
The global star formation history of the universe indicates 
that as star formation rates (SFRs) in high mass galax- 
ies decreased steeply from z = 2 to 1, the most active 
sites of star format ion shifted to pro g ressively lower mass 
galax i es over time dCowie et alj 19961: iBrinchmann fc Ellisl 



l200d : iBauer et al.1 120051 : 1 Juneau et alj 120051 1 . The environ- 
mental effect is that galaxies in high-density regions tend 
to be older and form stars on shorter time scales than 



* email: amanda. bauer@nottingham.ac.uk 
f email: ruth.grutzbauch@nottingham.ac.uk 
X email: Ingcr@gemini.edu 
§ email: jmvarela@iac.es 

email: marcel.bergmann@gmail.com 



those in lower-dens i ty regions dButcher fc Oemlerl 1984 ■ 
Dres sier et al.1 1 19971 : iPoggianti et al.1 1 19991 : iThomas et al.l 
I2005T I . Therefore the dense regions of distant galaxy clus- 
ters are ideal environments to study the first galaxies in the 
universe to stop forming stars. 

Studies of clusters at intermediate redshifts have found 
strong evidence that star formation has shut off in the cen- 
tral regions. Observations of the well-studied galaxy cluster 
RXJ0152. 7-1357 at z = 0.83 show that galaxies towards 
the centre are redder and harbour older stellar populations 
Jj0rgensen et all 120051: iDemarco et al.l|2005| : iTanaka et al.1 
120051 : iMarcillac et al.ll2007l : iPatel et aljhoog j than galaxies 
in the lower dens it y out skirts. A similar result was found 
by iKovama et al.1 (pOld ) for the RXJ1716.4+6708 cluster 
at z = 0.81, a l thoug h a different technique was employed. 
IKovama et al.l (|201Cf ) used narrow-band Ha imaging and 
found no H a emitters within a radius of 0.25 Mpc of the 
cluster core. iFinn et al l (|2005h also use Ha to study three 
clusters at z = 0.7 — 0.8. They find that two of the three 
clusters show a decrease in Ha fraction towards cluster cen- 
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tre, indicating that star formation has largely shut off inside 
the core of these intermediate redshift clusters. 

Recently, studies of high redshift clusters have investi- 
gated the presence of a relation between star formation and 
the distance from the cl uster centre. In the R DCS J1252.9- 
2927 cluster at z = 1.24. lTanaka et al.l (120091 ) find a popula- 
tion of star-forming galaxies at the outskirts of the cluster, 
which are absent from the clust e r core . These results differ 
from the work of lHavashi et al. (2010) who observe one of 
the most distant clusters known, XMMXCS J2215.9-1738 at 
z = 1.46, and find no evidence for decreasing SFRs towards 
the cluster core. The period of z = 1.0 — 1.5 is crucial for 
understanding the shut down of star formation in cluster 
galaxies. 

In this study, we investigate galaxies inside the most 
massive distant galaxy cluster yet detected, XMMU J2235.3- 
2557 ("XMMU2235") at z = 1.393. This distant galaxy clus- 
ter was discovered serendi pitously by the or biting XMM- 
Newton X-ray telescope bv lMullis et al.l (|2005l ) and remains 
one o f the highest redshift clusters known. iRosati et al.l 
(2009) confirm cluster membership of 34 individual galax- 
ies in XMMU2235 based on spectroscopic data. Differ- 
ent methods have been used t o estimate the t otal mass 
within 1 Mpc for XMMU2235. |jee et all (120091 ) estimate 
the projected mass to be (8.5 ± 1.7) x 10 14 M© from a 
weak lensing study, which i s consistent w i th th e projected 
X-ray mass calculated by IRosati et al. | (|2009h who find 
M to t,proj = (9.3 ±2.1) x 10 14 M Q , making this the most 
massive galaxy cluster known at z > 1. 

iLidman et al.l (|2008l ) created a near-IR colour- 
magnitude diagram of XMMU2235 using VLT observations 
and found that galaxies detected in the core of the cluster 
are red, while galaxies surrounding the core show much 
more diverse properties. They also use simple stellar 
population models to determine that galaxies in the core 
of XMMU22 3 5 are already old, with typical ages of 3 Gyr. 
IRosati et all (2009) examine spectra taken with VLT of 
16 spectroscopically-identified galaxies that have no [Oil] 
emission. They stack the spectra into two bins based on 
the distance from the cluster centre, then fit SED models 
to derive star formation histories. They find that galaxies 
in the core are consistent with having experienced a single 
burst of star formation at z = 5.3, while passive galaxies 
beyond 200 kpc of the cluster centre show signatures of 
more extended periods of star formation, lasting possibly 
to redshifts of z = 2. 

In this paper, we present narrow-band H (1.57/xm) ob- 
servations of XMMU2235, which correspond to the wave- 
length region where galaxies in this cluster emit Ha. We 
measure for the first time individual SFRs for 82 galaxies in 
XMMU2235 out to a cluster radius of 500 kpc. In Section fj 
we describe the near-infrared observations of the cluster, 
data reduction, and the calculation of star formation rates. 
We discuss our results in Section present a discussion in 
Section [4] and end with a summary and conclusions in Sec- 
tion [5] 

Throughout the paper we assume the standard ACDM 
cosmology, a flat universe with Qa ~ 0.73, Qm = 0.27 and 
a Hubble constant of Ho = 72 km s _1 Mpc -1 . 
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Figure 1. Transmission curve of the A1.57/im narrow-band fil- 
ter (dotted line), projected to show redshift coverage, overplot- 
ted with the redshift histo gram (red line) of known spectroscopic 
cluster members from lFtosati et all l|2009h . 



2 OBSERVATIONS AND DATA REDUCTION 
2.1 Observations 

We obtained observations of the XMMU2235 galaxy clus- 
ter with the Near In fraRed Imager and Spectrometer (NIRI, 
iHodapp et al.l l2003) on Gemini North. The data presented in 
this paper originate from the Gemini program GN-2007B-Q- 
79, observed in queue mode in the period from UT 2007 July 
11 to UT 2007 September 30. The H narrow-band filter of 
NIRI at a wavelength of A = 1.57^im, corresponds to the cen- 
tral wavelength of the HaA6563A emission line at the cluster 
redshift of z = 1.39. Figure [T] sh ows the redsh i ft hist ogram 
of known cluster members from IRosati et all (2009) over- 
plotted with the transmission curve of the H narrow-band 
filter, projected to show redshift coverage. H broad-band 
observations at A = 1.65/xm were also obtained to measure 
the underlying continuum. 

We observed one pointing of XMMU2235, centred on 
the coordinates of the brightest cluster galaxy (BCG). The 
total integration time was split into single exposures of 120 
seconds in the H narrow-band and 30 seconds in the H 
broad-band filter. To remove cosmic rays and bad pixels, 
each exposure in a set of 10 exposures was offset from the 
previous one following a fixed dither pattern. The field of 
view for each single frame is 120x120 arcseconds with a 
pixel scale of 0.1162 arcsec/pixel. 

In total 302 individual H narrow-band and 115 H 
broad-band exposures were observed. Some of the broad 
band images and a substantial part of the narrow band ex- 
posures suffered from strong fringing, the known NIRI first- 
frame-bias pattern, and variations in the sky background 
that could not be removed by the sky subtraction procedure 
described below. Only frames with a satisfactory sky sub- 
traction were used to construct the combined final image. 
This results in a total number of 212 narrow-band expo- 
sures and 110 broad-band exposures, corresponding to 424 
minutes (~7 hours) total narrow-band integration time and 
55 minutes total broad-band integration time. 

Our field of view has a diameter of ~ 850 kpc and there- 
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fore covers ~ 400 kpc in all directions and up to 



550 



kpc a long the diagonal. As already noted by iLidman et al] 
(2008), the spatial structure of the cluster is elongated at 
a roughly 45° along the diag onal of our image. This elon- 
gation was also reported by iRosati et all (|200gf ) studying 
the extended X-ray emission from the Intra Cluster Medium 
(ICM). 



2.2 Data Reduction 

The data were reduced with the Gemini IRAF0 package fol- 
lowing standard data reduction procedures. All images were 
prepared for the pipeline with the niprepare task which 
adds certain keywords to the image header. Two sets of flat 
fields were observed each night in each filter. The corre- 
sponding flat field exposures were combined and used to cre- 
ate a bad pixel mask for the science exposures with nif lat. 
The most critical procedure is the sky subtraction which is 
done with nisky. Sky images are produced by combining a 
set of science exposures after masking and subtracting de- 
tected objects. Since the sky in the near infrared is very 
bright as well as variable on time-scales of a couple minutes, 
only frames that are taken close enough to each other in time 
are combined. After trying different configurations and com- 
paring the resulting background noise in the sky subtracted 
image, we find that the best solution for constructing the 
sky image for each science frame is to combine the frame it- 
self with the four closest exposures. This corresponds to an 
exposure time of 10 minutes for each combined sky image. 

After applying flat field and bad pixel corrections as well 
as the sky subtraction with the nireduce task, all frames of 
the same filter were combined into a single final science im- 
age. To stack the images with the optimal accuracy, first 
all images taken at one dither position were combined. This 
has the advantage that the co-adding does not rely on the 
astrometry of the single images, where almost no sources 
that could be used to optimize the co-adding are visible. 
Since the sources in all images at the same dither position 
have identical image coordinates they can be directly com- 
bined into higher signal-to-noise sub-stacks. These 10 sub- 
stacks (from the 10 different dither positions) of about 20 
exposures each were then combined into the final co-added 
science image with imcoadd. This procedure worked very 
well for broad-band frames, while for the narrow-band im- 
ages small offsets between the images that were supposed to 
be at identical positions were necessary. Only frames with 
a good sky-subtraction without residuals of fringing, first- 
frame-bias pattern or sky variability were stacked, resulting 
in a number of 212 and 110 combined individual exposures 
in narrow-band and broad-band, respectively. The final to- 
tal exposure times are 55 minutes in the H broad-band filter 
and 424 minutes in the H narrow-band filter. 

The combined images in broad and narrow-band were 
then trimmed to cover the same field of view in both filters. 



1 IRAF is distributed by the National Optical Astronomy Ob- 
servatory, which is operated by the Association of Universities 
for Research in Astronomy (AURA) under cooperative agreement 
with the National Science Foundation. The Gemini IRAF pack- 
age is distributed by Gemini Observatory, which is operated by 
AURA. 



Figure [2] shows the two images in the H broad-band (left 
panel) and narrow-band (right panel). The images are 1.6 
arcmin x 1.64 arcmin, corresponding to about 850 kpc at the 
cluster's distance. The pixel scale of 0.1162 arcsec/pixel and 
the angular d istance scale at z = 1.39 of 8.618 kpc/arcsec 
|Wrightll200"f3) give a scale of about 1 kpc/pixel. 

2.3 Source detection 

Sources are detected in the H broad- and narrow-band im- 
ages using SExtractor (Bertin & Arnouts 1996). To ensure 
that the different depth of broad- and narrow-band images 
does not affect the results, fluxes are measured within the 
same fixed aperture in both images. We run SExtractor si- 
multaneously on broad- and narrow-band images, detecting 
sources in the broad-band image and measuring photome- 
try using the same parameters in both images. The same 
procedure is repeated using the narrow-band image as the 
detection image, in order to detect pure emission line sources 
that might be too faint to be detected in broad-band. The 
two catalogs are then combined to obtain the final source 
catalog shown in Table [T] With this method the magnitude 
of a galaxy in both bands is calculated. The procedure of 
detecting sources in both bands ensures that our sample is 
not biased towards Ha emitting galaxies. 

To minimise spurious detections we require a min- 
imum number of 7 adjacent pixels to reside above the 
background noise by a signal-to-noise (S/N) of 2 in the 
narrow-band image. Obvious non-cluster member detec- 
tions (e.g. on the edge of the image), stars and known 
foreground galaxies were removed from the catalog. Stars 
were excluded based on SExtractor 's CLASS_STAR param- 
eter: sources with CLASS_STAR > 0.8 were excluded. We use 
FLUX_APER to measure fluxes within a fixed circular aperture 
of 20 pixels diameter, corresponding to 2.3" or ~20 kpc at 
the cluster distance. We compare the use of FLUX_APER and 
FLUX_AUT0 in Section [231 

Our final catalog comprises of 82 objects, shown in Fig- 
ure [5] in the broad-band (left) and narrow-band (right), 
including 10 spectroscopically confirmed cluster mem- 
bers outlined with red boxes. The sp ectroscopical l y con - 



firmed cluster members are taken from iMullis et al 



ILidman et"al] ((2008), and lRosati et alj l|2009l) . IRosati et all 
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(2009) find 34 confirmed cluster members from spectra taken 
with the VLT in Chile covering an area on the sky of 2.0 ar- 
cmin x 2.0 arcmin, slightly larger than our coverage but 
with the same central pointing. They do not list the coor- 
dinates of these objects in the pap er. In fact, none of these 
papers give object c oordinates, but lMullis et al.1 l)2005h and 
ILidman et alj l|2008l ) show images that identify spectroscop- 
ically confirmed members. We compare these published im- 
ages (Figure 1 in each paper) to our Figure [2] to identify by 
eye 10 spectroscopically confirmed cluster members. 

In the subsequent analysis we distinguish spectroscop- 
ically confirmed members (referred to as "confirmed mem- 
bers") and all other detections by plotting confirmed mem- 
bers in red. The objects surrounded by an extra magenta 
symbol in Figure [2] are galaxies identified as having excess 
line-emission and are therefore the most likely to be cluster 
members, as will be discussed in Section \2. 61 

The image depth and completeness limits of our broad- 
band and narrow-band images are estimated by placing arti- 
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Figure 2. Final reduced, combined and trimmed images of XMMU2235. Left panel: H broad-band image. Right panel: A1.57/xm narrow- 
band image. The width of each image is ~ 1.6 arcmin or 850 kpc. North is up, east to the left. The spectroscopically confirmed cluster 
members are marked with red boxes; all other detected objects are marked with blue circles. Objects additionally outlined in magenta 
are excess emission-line galaxies and most likely to be cluster members (see Figure [3}. The brightest cluster galaxy (BCG), which is also 
a spectroscopically confirmed member, is marked towards the centre of each image with a red ellipse. 



ficial point sources in the images with the same noise charac- 
teristics as the observed images. The artificial point sources 
are created assuming a gaussian profile with the width of 
the point spread function (PSF) measured in the images. 
The full width at half maximum (FWHM) of the PSF is 

6.3 pixels in the broad band image and 4.7 pixels in narrow 
band image. The same extraction procedure as described 
above is then run on the images with artificial point sources 
added. The 5a image depth is given by computing the mag- 
nitude of a point source with a flux of five times the back- 
ground noise within the aperture used for galaxy photom- 
etry (10 pixel, ~ 1 arcsec radius). We obtain a 5a image 
depth of Hab = 24.3 mag for the broad-band image and 
H narrow ,ab = 23.3 mag. Using our detection criteria, all ob- 
jects detected in the narrow-band image are also detected 
in the broad-band image. The completeness limit is com- 
puted by comparing the number counts per magnitude of 
the artificial input catalog and the catalog of detected ob- 
jects in both images. We obtain a 95% completeness limit of 
Hab = 24.2 mag in the broad-band and H nar row,AB = 23.4 
mag in the narrow band, values comparable to the 5a image 
depth. 

2.4 Flux calibration and Star Formation Rate 

To obtain pure, continuum-subtracted Ha fluxes and then 
star formation rates from the measured fluxes in ADU, we 
adopted the following procedure: 1. obtain the flux calibra- 
tion of the broad-band images, 2. calculate the expected 
narrow-band flux from a blackbody SED and relative broad- 
to- narrow-band throughputs, 3. subtract broad-band from 
narrow-band flux and 4. convert from Ha flux (erg s _1 ) to 
star formation rates (Moyr -1 ). 



In order to obtain the AB magnitude zeropoint for 
the H broad-band i mages, we observed th ree standard star 
fields, taken from the lPersson et ail (1 19981 ) catalog available 
from the Gemini Observatory website, in both the broad 
and narrow-band filters. The standard star counts are mea- 
sured using IRAF and converted to magnitudes applying a 
correction for airmass and extinction. The broad-band zero- 
point for each star is then computed by adding the measured 
magnitude to the catalog magnitude. This yields an average 
broad-band zeropoint of ZP^ roa d — 25.43 ±0.03 magnitudes 
(AB). 

We calculate the expected narrow-band flux of the stan- 
dard stars using a blackbody SED and the ratio between 
broad- and narrow-band throughputs. We assume a black- 
body spectrum of the standard stars' respective tempera- 
ture according to its spectral type. This SED is integrated 
over the response function plus atmospheric transmission 
of both broad- and narrow-band filters. The ratio between 
expected broad- and narrow-band flux is then used to com- 
pute the expected AB magnitude of the standard stars in the 
narrow-band. From the expected magnitude and the mea- 
sured magnitude in the narrow-band standard star images, 
we obtain the average narrow-band zeropoint in AB mag- 
nitudes of ZPnarrow = 22.27 ± 0.05 mag. The errors of the 
two zeropoints are the respective standard deviation of the 
three measurements of two different stars. 

The object magnitudes obtained with the above zero- 
points were converted to fluxes using the definition of AB 
magnitudes l|Okelll974h : 

m(AB) = -2.5 log(/Hua;) - 48.60, (1) 

where flux is given in erg s _1 cm -2 Hz -1 . The continuum 
subtraction is done by subtracting the broad-band flux from 
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the narrow-band flux to get the pure Ha fluxes. A dust cor- 
rectio n of one magnitude is applied to the fluxes (K ennicuttl 
Il983h . as well as a statistical correction for the contribution 
of [N II] emission by a factor of 0.77 (|Tresse et al.ll 19991 ). 

The resulting Ha fluxes in erg s _1 cm~ 2 Hz~* are then 
multiplied by the narrow-band filter width (transformed to 
Hz) and by the surface of the sphere over which this energy 
is emitted, i.e. a sphere with the cluster's luminosity dis- 
tance as radius. We assume that all galaxies are located at 
the same distance. This then gives the Ha luminosities in 
erg s _1 . The errors are based on the zeropoint errors and the 
measurement errors in counts given by SExtractor which 
are then propagated in the same way as the measurements. 
We do not take into account any errors in the filter width 
or the cluster distance. 

To c onvert ergs s" 1 to yr _1 we use the conversion 
factor of iKennicutt et alj (|l994h : 

1 ergs s _1 = 7.9 x 1(T 42 M Q yr _1 (2) 

The transformation is known to vary by a factor of ~ 2.5, 
introducing an error of ~ 30%, which was added to the mea- 
surement errors to obtain the final error of the SFRs. Based 
on the magnitude limits described above in Section T2.31 we 
find a 5 a limiting Ha luminosity of Lua = 1 X 10 41 erg s _1 
which corresponds to a 5 a SFR = 1.1 M Q yr _1 . 



2.5 SFRs measured with different apertures 

When extracting fluxes with SExtractor, we test the two 
different output parameters: FLUX_AUT0 and FLUX_APER. 
FLUX_APER is the flux measured in a fixed circular aperture of 
20 pixels diameter, corresponding to 2.3" or ~20 kpc at the 
cluster distance. FLUX_AUT0 uses a Kron-like elliptical aper- 
ture whose size depends on the objects light distribution. 
FLUX_AUT0 is supposedly more robust l)Bertin fc Arnouta 
1996) than FLUX_APER in crowded regions (e.g. the cluster 
centre). 

The comparison between SFRs measured within the 
fixed aperture (based on FLUX_APER) and the variable Kron- 
like aperture (based on FLUX_AUT0) shows that they agree 
well within the errors. There is only one outliers, which is a 
confirmed member located very close to the brightest star in 
the image. This galaxy has a SFR ~ 3.5 Moyr -1 based on 
the aperture flux, but has a much lower SFR (~ -2 M©yr _1 ) 
based on FLUX_AUT0. This is probably due to the deblending 
algorithm of SExtractor affecting the detection area that 
is assigned to galaxies with close neighbours (in this case a 
bright star). Measuring the flux within a fixed aperture is 
more robust in these cases, which is reflected in the large 
measurement error of the FLUX.AUTD-SFR of ±2.2 Moyr" 1 , 
compared to ±0.7 M Q yr _1 for the FLUX.APER-SFR. For the 
whole sample the SFRs measured within a fixed aperture 
by FLUX_APER show on average slightly lower errors than the 
SFRs measured with a Kron-like aperture and we therefore 
adopt the fixed aperture SFRs in the following. 



2.6 Cluster Membership 

We detect 82 resolved objects at the 2a level in the narrow- 
band and broad-band images. Of these, 10 are confirmed 
cluster members with spectroscopic redshifts. Ha emitters 
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Figure 3. Colour-magnitude diagram for all 82 sources detected 
in the narrow-band image. The dashed lines indicate lines of con- 
stant significance S, which show the excess flux in the narrow- 
band image above the noise in the broad-band image. Spectro- 
scopically confirmed cluster member galaxies are plotted as large 
red points while all other detected objects are shown as blue 
crosses. The vertical line shows the 95% completeness level, so 
only candidates brighter than this limit are considered as possi- 
ble excess emission-line objects. Candidate emission-line cluster 
galaxies are objects with EW > 20A and S > 3 (open magenta 
circles) . 



at the redshift of the cluster can be identified among the re- 
maining 72 candidate cluster members by having excess flux 
in the narrow-band relative to the broad-band observations. 

Figure [3] shows the excess flux in the narrow-band fil- 
ter as a function of magnitude for all 82 detected objects. 
We require the narrow-band flux to be a factor of three E 
greater than the noi se in the broad-band (continuum) image 
(Bunker etaflll995h for an object to be considered an ex- 
cess line-emitter. The dotted curves in Figure [3] show lines 
of constant E. Emission-line candidates with low equiva- 
lent widths (EW) a re likely to be foreground interlopers 
(IPalunas et al. | |2004|V so we also appl y a minimum EW for 
the Ha line of 20 A ( Haves et al.ll201oT ). Candidate emission- 
line cluster galaxies are objects with EW > 20A and excess 
line-emission of E > 3, identified as open magenta circles in 
Figure [3] 

Of all the detected objects, 16 satisfy the criteria to be 
considered excess line-emitters and are therefore more likely 
to be members of the cluster. The red points in Figure [3] 
show spectroscopically confirmed cluster members, which 
are all on the bright end (H na rrow < 22) of the distribu- 
tion of narrow-band magnitudes of detected objects. Even 
though these objects are spectroscopically confirmed as clus- 
ter members, only three of the 10 satisfy the criteria for 
being excess Ha line-emitters associated with the cluster. 
This shows that while this method is a good test to show 
the most likely cluster candidate members based on excess 
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line emission when no spectroscopic confirmation is avail- 
able, if a galaxy in the cluster does not have excess line 
emission (ie. it is not star- forming) , it will no t be identified 
as a m ember of the cluster by this technique. iLidman et al.l 
(2008) argue that galaxies in the XMMU2235 cluster cen- 
tre are very likely cluster members based on the infrared 
colour-magnitude relation of the cluster and the low like- 
lihood of finding foreground or background galaxies in the 
narrow colour interval. 

What objects could act as possible interlopers? Galaxies 
bright in Ha could be background galaxies with [Oil] emis- 
sion at z = 3.21, but this is unlikely due to their generally 
faint H narrow-band magnitudes. Galaxies that are much 
fainter in the narrow-band than expected from their broad- 
band magnitude are interpreted to have Ha in absorption 
and therefore show negative SFRs. The absorption could be 
caused by stellar absorption of the Balmer line, or a strong 
non-Ha absorption feature in foreground galaxies. Galax- 
ies at z ~ 0.85 would have calcium triplet absorption lines 
at AAA8498,8542,8662A that would fall into the A1.57/im 
narrow-band filter. Of 15 galaxies that show negative SFRs, 
the 4 strongest are confirmed cluster members (the 4 bright 
galaxies in the cluster centre). 

Throughout the rest of the paper, we continue to iden- 
tify confirmed cluster members in red, the candidate mem- 
bers satisfying the excess line-emission criteria in blue, and 
the remaining object detections in grey. 



3 RESULTS 

In the following section we present the calculated star for- 
mation rates (SFRs) and how they correlate with properties 
of the galaxies (magnitude) and the environment (distance 
from the cluster centre, as defined by the BCG). Table [T] 
gives the results for all 82 objects we consider in this study 
with spectroscopically confirmed cluster members listed as 
the first 10 items. The last column gives information about 
cluster membership and how detected objects are classified 
(see Section I2.3|l : Excess line-emitters as defined in Sec- 
tion [511] have a flag corresponding to their E-level (2 or 3), 
while galaxies below that have a flag = 1. 

For the full sample of 82 galaxies, we find an aver- 
age SFR of 1.0 Meyr" 1 with a scatter of 1.6. For the 
spectroscopically confirmed cluster members, we measure 
an average SFR of 1.0 ± 2.6 Meyr" 1 . Among just the 
excess line-emission galaxies we find an average SFR of 
3.6 ± 1.3 Moyr" 1 . 



3.1 SFR as a function of H broad-band magnitude 

We now present the correlation between SFR and an intrin- 
sic galaxy property, galaxy magnitude. The central wave- 
length of the observed H broad-band corresponds to a rest- 
frame wavelength of ~6900A, slightly redder than restframe 
R band. Figure U shows the SFRs as a function of H broad- 
band magnitude. We find a dependence of SFR on galaxy 
H broad-band magnitude such that brighter galaxies have 
lower SFRs. This correlation is strong for the confirmed 
members (red) but less evident for excess line-emission 
galaxies (blue). A linear fit to the 10 data points of the 




21 22 23 24 

H AB [mag] 

Figure 4. Star formation rates as a function of H broad- 
band magnitude. Spectroscopically confirmed member galaxies 
are plotted as large red circles; excess line-emission candidate 
member galaxies are large blue crosses and/or open magenta cir- 
cles; all other detections are small grey crosses. The red dashed- 
dotted line represents a least squares fit to the data points of 
confirmed members. The 5<r SFR detection limit is shown as the 
dashed horizontal line, as described in Section [2.4l Galaxies within 
a 200 kpc radius of the BCG are marked with open orange trian- 
gles. 



confirmed members is shown as red dashed-dotted line in 
Figure [4] 

We calculate Spearman's rank correlation coefficients 
and Kendall's r separately for confirmed and excess line- 
emission galaxies. The correlation coefficient, p, can have 
values between —1 ^ p ^ 1, where p — 1 (p — —1) means 
that the two data sets are correlated (anti-correlated) by a 
monotonic function and p — indicates that the two data 
sets are completely uncorrelated. The significance of p can 
be calculated from p and the sample size N. We give the 
significance in terms of the percentage likelihood that there 
is no correlation between the two variables. Since p is less 
suited for small sample sizes we also compute Kendall's r 
coefficient to support the results on statistical significance 
for the small subsample of confirmed members (N = 10). 
Kendall's r is analogous to p, however, it computes a proba- 
bility rather than estimating the amount of variation in the 
data that can be accounted for by a monotonic function. 
Kendall's r is the difference between the two probabilities 
that the data are observed in the same or in a different order, 
giving an estimate of the likelihood of a correlation between 
the variables, or more accurately the lack thereof. 

We find that confirmed members have a correlation co- 
efficient of p mem = 0.90 with a probability of P mem = 5% 
that the two variables are uncorrelated. Kendall's r eval- 
uates the correlation at a slightly higher confidence with 
t = 0.69 and a corresponding probability for the lack of 
a correlation of P m em ~ 0.7%. The candidate members 
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Figure 5. Star formation rates as a function of distance from the 
cluster centre. Symbols are the same as shown in Figure [4] The 
vertical dashed line marks the projected distance within which 
no star formation occurs {Rquench)- Galaxies within this limit 
are also marked with orange triangles in Figure [4] 



do not show any significant correlation between SFR and 
magnitude. We compute p ca nd = 0.04 with a probabil- 
ity Pcand = 44% and r = —0.06 with a probability of 
Pcand = 43%. The same is true for excess line-emitters, 
which show no correlation between SFR and H broad-band 
magnitude (Pexcess = 42%). We conclude that for spectro- 
scopically confirmed cluster members there is a positive cor- 
relation between SFR and magnitude, i.e. the SFR increases 
for fainter galaxies in the cluster. 

It is possible that a selection effect exists which causes 
faint galaxies to be less likel y to get a successful redshift de- 
termination. Redshifts from lRosati et all (|2009h were deter- 
mined from a combination of cross-correlations with a range 
of template spectra and identification of the [OII]A3727A 
emission line, although they claim most redshifts were de- 
rived solely from the [Oil] emission line. Among galaxies 
with the same //-band magnitude, the galaxy spectra with 
strong emission lines are more likely to result in success- 
ful redshift determinations than the spectra with only weak 
or no emission. These galaxies are most likely to be those 
identified as excess line-emission galaxies shown in blue in 
Figure [4] 



3.2 SFR as a function of distance from the cluster 
centre 

In the following we show the correlation between the SFRs 
and the dista nce from the b righte st cluster galaxy (BCG: 
see Figure [2]). iRosati et al.l l|2009h show that the position 
of the BCG coincides within 2" of the peak of the cluster's 
extended X-ray emission. It is therefore justified to assume 



that the BCG resides in the centre of the cluster's potential 
well and can be regarded as the cluster centre. 

Figure [S] shows the radial distribution of SFRs within 
the cluster. While the measured SFRs do not cover a large 
range in values, we find that SFR increases with distance 
from the cluster centre. In fact, there are no star-forming 
galaxies among the confirmed cluster members and excess 
line-emission galaxies within a radius of r ~ 200 kpc of the 
BCG. The five confirmed members within a 200 kpc radius 
have no excess Ha emission. The confirmed members outside 
a 200 kpc radius have SFRs of about 1.5 M0yr _1 or above. 
The same is true for all excess line-emission member candi- 
dates: there are no star forming candidate cluster members 
within r ~ 200 kpc. All galaxies with SFR > 3 M Q yr _1 are 
located at radii larger than ~ 250 kpc. 

The SFR-distance relation is significant for member 
candidates. The Spearman's rank correlation coefficients for 
members and candidates respectively are pmem, = 0.73 at 
Pmem = 15% and p C aud = 0.42 at P C and = 5%. Kendall's 
t coefficient gives a likelihood that SFR and distance are 
uncorrelated of Pmem = 5% and P ca nd ~ 0.1% for members 
and candidates, respectively. If we only consider excess line- 
emitting galaxies we derive a probability of Pexcess = 48%, 
concluding that SFR and cluster-centric distance are uncor- 
related for the excess line-emitters. Furthermore, the faint 
galaxies that are located in the projected cluster centre are 
too quiescent for their H band magnitude, as suggested from 
the SFR-magnitude relation presented in Section l3~T1 Galax- 
ies within a radius of 200 kpc from the BCG are marked with 
orange triangles in Figure [4] The five galaxies that show the 
largest offset from the relation shown for confirmed cluster 
members (red dashed-dotted line) are located at the smallest 
projected distance from the BCG. We suggest that the star 
formation in those faint galaxies is quenched by processes 
occurring in the cluster centre. 

Instead of a continuous decrease in star formation we see 
evidence for a quenching radius Rquench , within which the 
star formation is sharply shut off among galaxies confidently 
associated with the cluster. If galaxies within Rquench ~ 
200 kpc are not considered, the correlation between SFR 
and cluster-centric distance largely disappears. To distin- 
guish between the two hypotheses of (1) the existence of a 
quenching radius, as opposed to (2) continuously decreas- 
ing SFRs as field galaxies are accreted onto the cluster, Ha 
imaging of a larger field of view out to larger cluster-centric 
distances is necessary. This work represents one of the first 
studies of a z > 1 galaxy cluster with solid measurements 
of SFRs of individual galaxies from which we can see the 
evidence for a SFR-distance relation and possible quenching 
radius. 



4 DISCUSSION 

Recent studies of galaxy clusters at intermediate redshift 
and z > 1 indicate varying results regarding star-forming 
trends among galaxies, although most studies show evidence 
for increasing SFRs with distance from the cluster centre. 
We now look m o re in depth at previous studies. 

iFinn et all (|2005T l study three intermediate redshift 
clusters from the ESO Distant Cluster Survey (EDisCS) in 
the redshift range 0.65 < z < 0.95 and compare their median 
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SFRs to field galaxies in the same redshift range. They find 
that the median SFR of cluster members is between 2 and 
3.5 Moyr -1 , which is significantly lower than the median 
SFR of field galaxies of about 6 M0yr _1 , showing that star 
formation in clusters is suppressed at intermediate redshifts. 
We measure a median SFR for XMMU2235 of 1.0 Mgyr" 1 
with a scatter of 1.2 for all 82 galaxies, consistent with the 
SFRs of EDisCS clusters but nearly a factor of 10 lower than 
the typical field gal axy SFR value of 10 M w yr - 1 for this 



redshift rang e (e.g . . iBauer et al.ll2005l ; iNoeske et ail 120071: 



IDamen et atil2009l ; lBauer et al.ll2oTof) 



Interestingly, our results show that star formation in 
the central region of a dense cluster at z — 1.4 is suppressed 
relative to the field, and there is evidence for the suppres- 
sion of star formation to not be as strong inside a structure 
at z = 1.6 that ap pears to be a galaxy cluster in formation. 
iKurk et al.l (|2009h identify an over-density at z = 1.6 called 
CI 0332-2742 in the GMASS survey. Using Spitzer/MIPS 
observations, they find that SFRs of galaxies within the 
over-density are only three to five times lower than SFRs 
of field galaxies at similar redshifts, as opposed to the fac- 
tor of 10 decrease we find in the XMMU2235 cluster. The 
CI 0332-2742 over-density is most likely not yet virialised, 
which could explain why galaxies in this structure still show 
significant levels of star formation. 

Two of the three clusters studied bv lFinn et alj ([2005 ) 
also show a decrease in Ha fraction towards cluster cen- 
tre . In contrast t o this result, a narrow-band Ha study 
bv lKovama et alj (|2010h of the RXJ1716.4+6708 cluster at 
z = 0.81, finds no Ha emitters wi t hin a radius of 250 kpc 
of the cluster core. lHavashi et"afl i^Old ) identify 44 [Oil] 
emitters in the central region of the XMMXCS J2215. 9-1738 
cluster at z = 1.46 and calculate SFRs down to 2.6 M0yr _1 . 
They find no evidence for decreasing SFRs towards the clus- 
ter core. 

Our findings agree with a recent st udy of SFRs in th e 
cluster RX J0152. 7-1357 at z = 0.834 bv lPatel et ail l|2009h . 
They stack Spitzer/MIPS imaging at 24 /j,m to determine 
SFRs and find a decrease in SFR with increasing local den- 
sity within a similar density regime to our cluster. Both 
this study and that of IPatel et alj (120091) contra s t to r ecent 
studies of fiel d galax ies at z ~ 1 bv lElbaz et al.l (|2007r i and 
ICooper et al.l ((2008) who suggest that at z ~ 1, galaxies 
in higher density environments exhibit higher SFRs than 
galaxies at lower densities. The discrepancy is likely due to 
differing defi nitions of environment and loca l dens ity (see 
discussion in IPatel et al.ll2009l ). I Cooper et al.l d2008l) exam- 
ine galaxies in the DEEP2 survey, while lElbaz et al.l (|2007l l 
study the GOODS fields, neither of which contains galaxy 
clusters. The decrease of SFR we find at the highest den- 
sities, meaning the clu ster centre, is not a density region 
probe d by the studies of lElbaz et al.l (j2007f ) or lCooper et al.1 
(2008) which might be the reason that they do not ob- 
serve the suppressed SF at high densities which we see in 
XMMU2335. 

Other studies of the XMMU223 5 cluster include 
Lidman et all (120081), iRosati et al.l (120091 ). and very recently, 
Strazzullo et all (|2010l ). iLidman et al.l (|2008r ) use simple 



stellar population models to determine that galaxies in the 
core of XMMU2235 are already old, with typical ages of 3 
Gvr. lRosati et al.1 (|2009l 1 detect no [OH] emitters within 250 
kpc of the cluster centre, while Istrazzullo et al.1 (|2010h use 



rest-frame ultraviolet properties of spectroscopically con- 
firmed members to show that individual galaxies within a 
clustercentric distance of 250 kpc are effectively quenched of 
star formation. These results are consistent with our findings 
of no new star formation in the core, including evidence for 
the presence of Ha absorption in the four confirmed clus- 
ter members located within a radius of ~ 100 kpc, and a 
larger scatter in SFR values with increasing distance from 
the central cD galaxy. We confirm evidence for the build-up 
of the red sequence starting in the cluster core and mov- 
ing outwards. Furthermore we find that there is a radius, 
Rquench of about 200 kpc, within which star formation is 
efficiently quenched. 

Environmental effects that shut down star formation in 
cluster galaxies are generally assumed to begin when ac- 
creting satellite galaxies have reached the virial radius of a 
host halo. However, some studies have shown that SFRs 
can remain depressed relative to the field o ut to two or 
three times the virial ra dius of the cluster jBalogh et al.l 
l200d ; IVerdugo et al.|[20ol ) . The virial ra dius of XMMU2235 
is estimated t o be around 1 Mpc jRosati et all 120091 ; 
IJee et alJlioogl) . which is well beyond the radius we asso- 
ciate with complete star formation quenching, Rquench, 
and much larger than our observations extend. Note that 
the Rquench we define can be thought of as a lower limit 
due to projection effects. It is possible that SFRs outside of 
Rquench remain around the low values we measure until 
the virial radius of the cluster, or farther, and then increase 
to match the value of field galaxies at that redshift. 

We interpret the possible existence of Rquench as ev- 
idence for suppressed star formation due to cluster specific 
processes at the very central region of the cluster. Gas could 
be removed from galaxies through ram pressure stripping 
as they enter the cluster environment and pass through 
the dense intergala c tic medium in the cluster centre (e. | 
iGunn fc Gottlll972l ; iBekkl |2009| ; fTonnesen fe Brvadl2oTc 
A galaxy could also lose its halo gas reservoir according to 
hierarchic al formation model s, in a process called "stran- 
gulation" l|Larson et al. 1980) . Such pro cesses have recently 
been modelled by Book fc Benson! (|2010T ) , but they were un- 
able to determine the exact causes of gas-stripping in cluster 
environments due to the "complex interplay of preprocessing 
effects at work." Another process causing the suppression of 
star formation is galaxy harassment, repeated high velocity 
encounters and interactions, which require both high rela- 
tive velocities and high galaxy number densities; conditions 
that are present in the centre of massive galaxy clusters like 
XMMU2235. I n fact, the velocity dispersion of XMMU2235 
is ~ 800 km/s (Rosati et al. 2009) which means the crossing 
time at Rquench is quite short, at roughly 0.25 Gyr. 

In this study we probe relatively small cluster-centric 
radii and (maybe consequently) measure a relatively narrow 
range of SFRs up to ~ 6 Moyr -1 . To investigate if the SFRs 
in the cluster outskirts reach the typical field value at this 
redshift of 10 M©yr~ or if they are undergoing a short ini- 
tial increase in SFR before quenching sets in, observations of 
individual galaxies across a larger distance from the cluster 
centre are needed. 
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5 SUMMARY AND CONCLUSIONS 

We examine star formation rates (SFRs) in the high redshift, 
mass ive galaxy cluster XMMU2235 at z = 1.39 dMullis et al.1 
l2005h . To calculate SFRs we use deep H narrow-band imag- 
ing from NIRI at Gemini North, which corresponds to the 
wavelength of the Ha emission line at the redshift of the clus- 
ter. XMMU2235 is the most massive gala xy cluster above 
z ~ 1 known to date (|Rosati et al.l [20091 ) and has a pop- 
ulation of red, supposed ly passive galaxies forming a rela- 
tively tight red sequence (jLidman et al.1 ,2008). Our observed 
field is 1.6x1.6 arcminutes which corresponds to roughly 
500x500 kpc. In the following we summarize our most im- 
portant findings: 

1. We directly measure the excess Ha line emission of 82 
individual objects inside the observed field of the massive 
galaxy cluster, XMMU J2235.3-2557 at z = 1.39. Of the 82 
galaxies, 10 galaxies are spectroscopically confirmed cluster 
members. A total of 16 out of the 82 galaxies are identified 
as excess line-emission galaxies and therefore the most 
likely to be candidate cluster members. We estimate SFRs 
for all detected objects from the the narrow-band imaging 
of Ha at z = 1.39. 

2. We find a small range in SFRs from zero to 6 M©yr _1 
within the surveyed area of ~ 500 kpc radius. Including all 
observed galaxies, we measure a median SFR of 1.0 MQyr -1 
with a scatter of 1.6, consistent with the SFRs found for 
intermediate redshift clusters (e.g. EDisCS clusters at 
0.4 < z < 0.8) and a factor of ~10 lower than field galaxies 
at 1 < z < 2. Among just the excess line-emission galaxies 
we find an average SFR of 3.6 ± 1.3 M©yr _1 . The highest 
SFRs in the cluster are ~ 6 Moyr -1 , still lower than the 
median SFR of field galaxies at this redshift. 

3. SFRs increase with distance from the brightest cluster 
galaxy. All excess line-emitting galaxies are located outside 
a radius of ~ 200 kpc from the brightest cluster galaxy. All 
galaxies with SFR > 3 M©yr _1 are located outside a radius 
of ~ 250 kpc from the cluster centre. We argue that the 
star formation might not only be continuously suppressed 
as galaxies approach the cluster centre, but that there is 
a quenching radius (Rquench ~ 200 kpc) within which 
star formation is rapidly shut-off. 

4. The lack of star formation within Rquench indicates 
that star formation is suppressed in this massive galaxies 
cluster at z — 1.39. The suppression of star formation could 
be caused either by interaction with the ICM (ram pressure 
stripping) or frequent high velocity encounters (harassment) 
caused by the high galaxy density in the cluster centre where 
the crossing time at Rquench is 0.25 Gyr. 

We conclude that star formation in this cluster is effec- 
tively shut off in the cluster centre already at z = 1.39, when 
the universe was only ~4.5 Gyr old. Galaxies at larger radii 
from the cluster centre are moderately forming stars, but 
not reaching the average SFR of field galaxies at this red- 
shift. This suggests that the red sequence is built up from 
the inside out, starting at redshifts z > 2 in the most mas- 
sive galaxy clusters, in corroboration with previous stud- 
ies of XMMU2235. It would be very interesting to test this 



scenario by proving the SFR-distance relation and average 
SFRs out to larger cluster-centric distances. 
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Table 1. Properties of all objects detected in the H narrml) image of the central ~ 500kpc of the massive galaxy cluster XMMU J2235.3- 
2557 at z = 1.39. 
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-0.9 ± 1.1 


24 


1 


3 


22 


35 


21 


6 


-25 


57 


38.2 


21 


41 


= 


0.04 


21 


56 


± 


0.07 


-16 ± 9 


-1.3 ± 0.7 


35 


1 


4 


22 


35 


21 


4 


-25 


57 46.7 


20.91 


= 


0.04 


21 


11 


± 


0.06 


-33 ± 12 


-2.6 ± 0.9 


44 


1 


5 


22 


35 


22 


3 


-25 


57 


28.0 


21 


74 


= 


0.05 


21.64 


± 


0.07 


9 ± 8 


0.7 ± 0.6 


159 


1 


6 


22 


35 


19.7 


-25 


57 53.7 


21.90 


= 


0.05 


21.46 


± 


0.07 


42 ± 9 


3.3 ± 0.7 


252 


3 


7 


22 


35 


22 


5 


-25 


57 


16.3 


22.50 


= 


0.07 


21 


44 


± 


0.07 


79 ± 8 


6.2 ± 0.7 


257 


3 


8 


22 


35 


23.5 


-25 


57 08.5 


21.66 


= 


0.05 


21 


44 


± 


0.07 


23 ± 9 


1.8 ± 0.7 


384 


1 


9 


22 


35 


22 


7 


-25 


56 


59.4 


21 


.24 


= 


0.04 


21 


13 


± 


0.06 


17 ± 11 


1.3 ± 0.9 


398 


1 


10 


22 


35 


18 


8 


-25 


58 08.8 


21 


84 


= 


0.05 


21 


39 


± 


0.07 


45 ± 9 


3.5 ± 0.7 


422 


3 


11 


22 


35 


21 


4 


-25 


57 


44.2 


23 


37 


± 





12 


23 


32 


± 





23 


1 ± 5 


0.1 ± 0.4 


20 


1 


12 


22 


35 


21 


7 


-25 


57 


43.6 


22 


.52 


± 





07 


22 


59 


± 





.13 


-3 ± 6 


-0.2 ± 0.5 


30 


1 


13 


22 


35 


21 


5 


-25 


57 


46.1 


22 


.05 


± 





06 


22 


.19 


± 





.10 


-9 ± 7 


-0.7 ± 0.5 


36 


1 


14 


22 


35 


21 


7 


-25 


57 


37.7 


21 


.77 


± 





05 


21 


67 


± 





.07 


9 ± 8 


0.7 ± 0.6 


41 


1 


15 


22 


35 


21 


.2 


-25 


57 


42.6 


23 


.37 


± 





12 


23 


22 


± 





21 


3 ± 5 


0.3 ± 0.4 


41 


1 


16 


22 


35 


20 


9 


-25 


57 


39.1 


22 


.52 


± 





07 


22 


.42 


± 





.11 


4 ± 6 


0.3 ± 0.5 


91 


1 


17 


22 


35 


22 


.3 


-25 


57 


41.1 


23 


.05 


± 





.10 


22 


.59 


± 





13 


15 ± 6 


1.2 ± 0.4 


103 


2 


IS 


22 


35 


22 


2 


-25 


57 


32.7 


21 


.58 


± 





05 


21 


38 


± 





.07 


23 ± 9 


1.8 ± 0.7 


122 


1 


19 


22 


35 


22 


3 


-25 


57 


51.2 


23 


76 


± 





16 


24 


.45 


± 





63 


-7 ± 5 


-0.5 ± 0.4 


127 


1 


20 


22 


35 


20 


8 


-25 


57 


32.8 


23 


.36 


± 





12 


22 


80 


± 





.15 


14 ± 5 


1.1 ± 0.4 


128 


2 


21 


22 


35 


20 


5 


-25 


57 


43.6 


22 


86 


± 





09 


22 


.62 


± 





13 


9 ± 6 


0.7 ± 0.5 


130 


1 


22 


22 


35 


22 


5 


-25 


57 


42.7 


23 


.35 


± 





12 


23 


36 


± 





.24 


± 5 


0.0 ± 0.4 


131 


1 


23 


22 


35 


22 


5 


-25 


57 


36.2 


22 


.12 


± 





.07 


22 


.43 


± 





11 


-1 ± 6 


-0.1 ± 0.5 


132 


1 


24 


22 


35 


21 





-25 


57 


55.7 


22 


11 


± 





06 


21 


.75 


± 





08 


26 ± 7 


2.1 ± 0.6 


132 


1 


25 


22 


35 


21 





-25 


57 


57.5 


23 


.23 


± 





11 


23 


36 


± 





24 


-3 ± 5 


-0.2 ± 0.4 


149 


1 


26 


22 


35 


21 


.0 


-25 


57 


58.4 


23 


23 


± 





11 


24 


.07 


± 





.45 


-13 ± 5 


-1.0 ± 0.4 


153 


1 


27 


22 


35 


22 


3 


-25 


57 


57.5 


22 


.95 


± 





09 


22 


64 


± 





.13 


10 ± 6 


0.8 ± 0.4 


164 


1 


28 


22 


35 


21 


6 


-25 


57 


22.1 


23 


41 


± 





.12 


23 


12 


± 





19 


6 ± 5 


0.5 ± 0.4 


174 


1 


29 


22 


35 


22 


8 


-25 


57 


33.8 


23 


.34 


± 





12 


23 


13 


± 





.19 


5 ± 5 


0.4 ± 0.4 


174 


1 


30 


22 


35 


22 


2 


-25 


57 


22.5 


21 


.68 


± 





05 


21 


59 


± 





.07 


8 ± 8 


0.6 ± 0.7 


188 


1 


31 


22 


35 


22 


6 


-25 


57 


25.5 


23 


57 


± 





14 


23 


.73 


± 





33 


-2 ± 5 


-0.2 ± 0.4 


200 


1 


32 


22 


35 


21 


7 


-25 


58 


05.5 


23 


.22 


± 





11 


22 


.45 


± 





.11 


25 ± 6 


2.0 ± 0.5 


203 


3 


33 


22 


35 


19 


.9 


-25 


57 


37.6 


22 


.43 


± 





07 


22 


.04 


± 





09 


22 ± 7 


1.7 ± 0.5 


214 


1 


34 


22 


35 


22 


2 


-25 


57 


18.8 


23 


.15 


± 





10 


23 


12 


± 





.19 


1 ± 5 


0.1 ± 0.4 


218 


1 


35 


22 


35 


20 


.7 


-25 


58 


04.5 


22 


66 


± 





08 


22 


.38 


± 





11 


12 ± 6 


0.9 ± 0.5 


221 


1 


36 


22 


35 


23 





-25 


57 


56.6 


24 


25 


± 





23 


23 


44 


± 





.25 


11 ± 5 


0.8 ± 0.4 


223 


1 


37 


22 


35 


23 





-25 


57 


27.5 


21 


79 


± 





05 


21 


.49 


± 





07 


28 ± 9 


2.2 ± 0.7 


226 


1 


38 


22 


35 


23 


1 


-25 


57 


28.4 


23 


.19 


± 





11 


23 


18 


± 





20 


± 5 


0.0 ± 0.4 


233 


1 


39 


22 


35 


21 





-25 


57 


16.2 


23 


33 


± 





12 


22 


.48 


± 





12 


26 ± 6 


2.1 ± 0.4 


236 


3 


40 


22 


35 


21 


8 


-25 


58 


09.3 


23 


.52 


± 





13 


22 


83 


± 





.15 


17 ± 5 


1.3 ± 0.4 


236 


2 


41 


22 


35 


22 





-25 


57 


14.1 


22 


.49 


± 





07 


21 


.73 


± 





.07 


48 ± 7 


3.8 ± 0.6 


250 


3 


42 


22 


35 


20 


3 


-25 


57 


18.6 


22 


.44 


± 





07 


22 


76 


± 





14 


-13 ± 6 


-1.0 ± 0.5 


259 


1 


43 


22 


35 


23 


1 


-25 


58 


01.2 


24 


09 


± 





21 


21 


95 


± 





.08 


68 ± 6 


5.4 ± 0.5 


259 


3 


44 


22 


35 


22 


2 


-25 


58 


11.5 


24 


.00 


± 





19 


23 


10 


± 





.19 


15 ± 5 


1.2 ± 0.4 


267 


2 


45 


22 


35 


23 


6 


-25 


57 


35.6 


23 


28 


± 





.11 


22 


.83 


± 





15 


12 ± 5 


0.9 ± 0.4 


273 


1 


46 


22 


35 


22 


8 


-25 


57 


16.5 


23 


24 


± 





.11 


23 


.32 


± 





23 


-2 ± 5 


-0.1 ± 0.4 


278 


1 


47 


22 


35 


22 


6 


-25 


57 


13.5 


22 


.34 


± 





06 


22 


.11 


± 





.09 


13 ± 7 


1.0 ± 0.5 


281 


1 


48 


22 


35 


19 


5 


-25 


57 


28.3 


21 


54 


± 





05 


21 


.45 


± 





.07 


11 ± 9 


0.9 ± 0.7 


292 


1 


49 


22 


35 






-25 


57 


15.2 






± 





12 


22 


69 


± 





.14 


17 ± 6 


1.4 ± 0.4 


299 


2 


50 


22 


35 


22 


8 


-25 


57 


12.4 


24 


.08 


± 





.20 


24 


.97 


± 


1 


02 


-6 ± 5 


-0.5 ± 0.4 


306 


1 


51 


22 


35 


19 


.6 


-25 


58 


06.8 


22 


.36 


± 





07 






± 





.07 


63 ± 8 


4.9 ± 0.6 


323 


3 


52 


22 


35 


21 


.0 


-25 


57 


05.1 


23 


36 


± 





12 


23 


.33 


± 





23 


1 ± 5 


0.0 ± 0.4 


327 


1 


53 


22 


35 


20 


3 


-25 


58 


15.4 


23 


.61 


± 





14 


23 


38 


± 





.24 


4 ± 5 


0.3 ± 0.4 


327 


1 


54 


22 


35 


20 


.5 


-25 


57 


07.4 


23 


38 


± 





.12 


22 


.55 


± 





12 


24 ± 6 


1.9 ± 0.4 


328 


3 


55 


22 


35 


20 


9 


-25 


58 


19.1 


22 


.99 


± 





09 


22 


99 


± 





17 


± 5 


0.0 ± 0.4 


328 


1 


56 


22 


35 


22 





-25 


58 


19.7 


21 


61 


± 





05 


21 


38 


± 





.07 


25 ± 9 


2.0 ± 0.7 


329 


1 


57 


22 


35 


20 


5 


-25 


58 


17.3 


23 


78 


± 





16 


23 


.17 


± 





20 


11 ± 5 


0.9 ± 0.4 


330 


1 


58 


22 


35 


24 


1 


-25 


57 


35.7 


22 


78 


± 





08 


22 


70 


± 





.14 


3 ± 6 


0.2 ± 0.4 


332 


1 


59 


22 


35 


21 


7 


-25 


57 


03.3 


23 


51 


± 





.13 


23 


.93 


± 





39 


-6 ± 5 


-0.5 ± 0.4 


336 


1 


60 


22 


35 


22 


9 


-25 


57 


08.6 


22 


.24 


± 





06 


22 


03 


± 





.09 


13 ± 7 


1.1 ± 0.5 


339 


1 






35 


22 


7 




58 


18.5 


24 


68 


± 





33 


23 


.18 


± 





20 










62 


22 


35 


24 


2 


-25 


57 


36.8 


23 


.08 


± 





10 


23 


53 


± 





.27 


-9 ± 5 


-0.7 ± 0.4 


352 


1 


63 


22 


35 


21 


.3 


-25 


58 


22.8 


22 


75 


± 





08 


22 


.71 


± 





14 


1 ± 6 


0.1 ± 0.5 


352 


1 


64 


22 


35 


22 


2 


-25 


57 


00.7 


21 


.36 


± 





04 


21 


26 


± 





.06 


13 ± 10 


1.1 ± 0.8 


368 


1 


65 


22 


35 


23 


.1 


-25 


58 


17.9 


22 


.47 


± 





07 


22 


.15 


± 





09 


17 ± 6 


1.3 ± 0.5 


371 


1 


66 


22 


35 


24 


2 


-25 


58 


00.1 


23 


.37 


± 





12 


23 


27 


± 





.22 


2 ± 5 


0.2 ± 0.4 


383 


1 


67 


22 


35 


19 





-25 


57 


19.5 


23 


.50 


± 





13 


22 


83 


± 





.15 


16 ± 5 


1.3 ± 0.4 


387 


2 


68 


22 


35 


20 


3 


-25 


58 


24.7 


22 


.97 


± 





09 


21 


.92 


± 





08 


50 ± 7 


4.0 ± 0.5 


398 


3 


69 


22 


35 


21 


8 


-25 


58 


30.0 


23 


.93 


± 





18 


23 


80 


± 





.35 


2 ± 5 


0.1 ± 0.4 


414 


1 


70 


22 


35 


20 


.1 


-25 


56 


58.2 


22 


.12 


± 





.06 


21 


.68 


± 





.07 


34 ± 8 


2.7 ± 0.6 


423 


3 


71 


22 


35 


18 


4 


-25 


57 


25.1 


21 


95 


± 





05 


21 


83 


± 





.08 


9 ± 7 


0.7 ± 0.6 


429 


1 


72 


22 


35 


18 


2 


-25 


57 


26.6 


22 


53 


± 





07 


22 


.64 


± 





13 


-4 ± 6 


-0.3 ± 0.5 


449 


1 


73 


22 


35 


23 


6 


-25 


57 


00.5 


22 


.97 


± 





09 


22 


70 


± 





14 


9 ± 6 


0.7 ± 0.4 


450 


1 


74 


22 


35 


19 


8 


-25 


58 


29.3 


21 


73 


± 





05 


21 


.25 


± 





06 


53 ± 10 


4.2 ± 0.8 


466 


3 


75 


22 


35 


24 


9 


-25 


57 


20.1 


23 


.33 


± 





12 


22 


96 


± 





.17 


9 ± 5 


0.7 ± 0.4 


474 


1 


76 


22 


35 


18 


6 


-25 


58 


16.7 


23 


79 


± 





.16 


22 


.06 


± 





09 


57 ± 6 


4.5 ± 0.5 


484 


3 


77 


22 


35 


18 


6 


-25 


57 


07.2 


22 


.20 


± 





06 


21 


96 


± 





.08 


16 ± 7 


1.2 ± 0.5 


487 


1 


78 


22 


35 


24 


5 


-25 


57 


06.8 


22 


65 


± 





08 


22 


15 


± 





.09 


24 ± 6 


1.9 ± 0.5 


489 


3 


79 


22 


35 


21 





-25 


58 


28.2 


22 


76 


± 





08 


22 


.63 


± 





13 


4 ± 6 


0.4 ± 0.5 


505 


1 


80 


22 


35 


24 


8 


-25 


57 


08.7 


22 


14 


± 





06 


21 


73 


± 





.07 


31 ± 8 


2.4 ± 0.6 


516 


3 


81 


22 


35 


18 


.4 


-25 


56 


57.8 


22 


.70 


± 





08 


21 


.75 


± 





08 


55 ± 7 


4.3 ± 0.6 


557 


3 


82 


22 


35 


18 


3 


-25 


56 


57.7 


23 


.35 


± 





12 


22 


71 


± 





14 


17 ± 5 


1.4 ± 0.4 


571 


2 



Spectroscopically confirmed members are the first 10 objects. Galaxies that are excess line-emitters have a flag of 2 (2cr confidence) and 3 {3cr confidence). 



